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Abstract. The interpretation of recent Jlab experimental data on the ex- 
clusive process A(e,e'p)B off few-nucleon systems are analyzed in terms of 

■ realistic nuclear wave functions and Glauber multiple scattering theory, both 

■ in its original form and within a generalized eikonal approximation. The rel- 
evance of the exclusive process 4 He(e, e'p) 3 H for possible investigations of 
QCD effects is illustrated. 
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OO , Exclusive and semi-inclusive lepton scattering off nuclei in the quasi elastic 

region, plays a relevant role in nowadays hadronic physics for the following main 
reasons: i) due to the wide kinematical range available by present experimental 
facilities, non trivial information on nuclei (e.g. nucleon-nucleon (NN) correla- 
tions) can be obtained; ii) the mechanism of propagation of hadronic states in 
the medium can be investigated in great details; hi) at high energies QCD related 
effects (e.g. color transparency effects) might be investigated. At medium and 
high energies the propagation of a struck hadron in the medium is usually treated 
within the Glauber multiple scattering approach (GA) p], which has been ap- 
plied with great success to hadron scattering off nuclear targets. However, when 
the hadron is created inside the nucleus, as in a process A(l, l'p)X, various im- 
provements of the original GA have been advocated. Most of them are based 
upon a Feynman diagram reformulation of GA; such an approach, developed 
long ago for the treatment of hadron-nucleus scattering [2], has been recently 
generalized to the process A(l, l'p)X [3], demonstrating that in particular kine- 
matical regions appreciable deviations from GA are expected. The merit of the 
approach, based upon a generalized eikonal approximation (GEA), is that the 
frozen approximation, common to GA, is partly removed by taking into account 
the excitation energy of the A — 1 system; this results in a correction term to 
the standard profile function of GA, leading to an additional contribution to the 
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longitudinal component of the missing momentum. The GEA has recently been 
applied [U [5] to a systematic calculation of the two-body (2bbu) and three-body 
(3bbu) break up channels of 3 He electro-disintegration using realistic three-body 
wave functions [6] and two-nucleon interactions (AV18) [7]; the two-body break 
up channel 3 He(e,e'p) 2 H has also been considered within GEA in Ref. [8], ob- 
taining results consistent with Ref. A — 1. 

In GEA the final state wave function has the following form 

¥}(r 1} . . .r A ) = AS GEA (r u . . .r A )e- i P r 'e- lFA -^-^ A _ 1 (r 2 , . . .r A ) (1) 

A 

where Sqea = $gea generates the final state interaction (FSI) between the 

n=2 

struck particle and the A — 1 nucleon system; in Eq. (pQ) n denotes the order of 
multiple scattering, with the single scattering term (n=l) given by 

A 

4^4 (r l5 . . .r A ) = 1 - Y,®^ - z 1 )e iA ^~^r{h 1 - hi) (2) 

i=2 

where -T(b) = CT^y(l — ionn) -exp [— b 2 /2&Q]/[47r&Q] is the usual Glauber profile 
function and A z = (qo/\q\)E m , E m being the removal energy related to the 
excitation energy of A — 1; due to the presence of A z the frozen approximation 
is partly removed; note that when A z = 0, the usual GA is recovered (the 

expression of the n-th order contribution <Sgi?A ^ s §i ven i n Ref- |2] ) • 

Within the factorization approximation (FA), the diagrammatic approach 
leads to the following expression for cross section 

where K, is a kinematical factor, a ep the electron-nucleon cross section, p m = q— p 
and E m the missing momentum and energy, respectively, p the momentum of 
the detected nucleon and, eventually, P A SI the distorted spectral function. 
If the FA is relaxed, the differential cross section assumes the following form 

^2 ViW t A (v,Q 2 ,p m ,E m ) (4) 



dQ'dE' d 3 p n 

where i = {L,T,TL,TT}, and Vl, Vt, Vtl, and Vtt are well-known kinemati- 
cal factors. A non factorized approach (NFA) thus requires therefore the evalu- 
ation of the various response functions W%$. The cross sections of the processes 
2 He(e,e'p)n, 3 He(e,e'p) 2 H, 3 He(e,e'p)(np), and 4 He(e,e'p) 3 H have been cal- 
culated in [H [5J [9] within a parameter- free approach based upon realistic two-, 
three-, and four-body wave functions. In Fig. [T]the factorized and non factorized 
cross sections of the 2bbu process 3 He(e, e'p) 2 H are compared with recent Jlab 
experimental data [10]. The results presented in Fig. [T] clearly show that treating 
FSI within the FA is a poor approximation for "negative" ( left, = 0) values 
of the missing momentum, unlike what happens for "positive" (right, (p = ir) 
values (here <p is the azimuthal angle of the detected proton, with respect to 
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Figure 1. LEFT: the differential cross section of the process 3 He(e,e'p) 2 H calculated taking 
into account FS1 within the non factorized (FSI(NFA)) and factorized (FSI(FA)) approaches. 
Experimental data from Ref. [10] , (After Ref. [5])- RIGHT: the transverse-longitudinal asym- 
metry for the process 3 He(e,e'p) 2 H. Dot-dash: PWIA; dash: PWIA plus single rescattering 
FSI; full: PWIA plus single and double rescattering FSI (three-body wave function from [6], 
AV18 interaction [7]). Experimental data from Ref. [10]. (After Ref. [5]) 



the momentum transfers q). In spite of the good agreement provided by the 
NFA, quantitative disagreements with experimental data still persist at <j) = 0, 
in particular in the region around |p m | ~ 0.6 — 0.65 GeV/c. The origin of such a 
disagreement can better visualized by analyzing the left-right asymmetry 

= da(<f> = 0°) - da(<t> = 180°) 
TL da((f> = 0°)+da{^ = 180°) ' [ ) 

It is well known that when the explicit expressions of Vi and W t A are used in Eq. 
([5]) the numerator is proportional to the transverse- longitudinal response Wtl, 
whereas the denominator does not contain Wtl at all, which means that Atl 
is a measure of the relevance of the transverse-longitudinal response relative 
to the other responses. The experimental [10] and theoretical [5] asymmetries 
are presented in Fig. [1] which clearly shows that at high values of the missing 
momentum the theoretical calculation cannot explain the experimental data. The 
reason for such a failure, which is common to many approaches, is at present 
under investigation. 

Concerning the 3bbu channel calculation, theoretical results are presented in 
Fig. [2j an overall good agreement with the experimental data can be achieved, 
provided the large effects of the final state interaction are taken into account. 

The results for the 2bbu channel in 4 He, are reported in Figs. [3] where the 
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reduced cross section 

no{Pm) = dn4hn p ^ r ^ (6) 

is compared with preliminary JLab data (CQa;2) obtained in perpendicular kine- 
matics [TT]. It can be seen that: i) the dip predicted by the PWIA is completely 
filled up by the FSI; ii) like the s He case, the difference between GA and GEA 
is not very large; iii) an overall satisfactory agreement between theory and ex- 
periment is obtained. 
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Figure 2. The differential cross section of the 3bbu channel 3 He(e,e'p)(np) plotted, for fixed 
values of p m , vs the excitation energy of the two-nucleon system in the continuum E re i = 
t 2 /M N = E{ = E m - E 3 . The curves labeled PWA do not include any FSI; the dashed curves 
correspond to the PWIA ; the dot-dashed curve include the FSI with single rescattering; the full 
curves include both single and double rescattering (three-body wave function from [6], ^41^18 
interaction [7]). Experimental data from Ref. [10]. (After Ref. [4]) 

It has been argued by various authors that at high values of Q 2 the phe- 
nomenon of color transparency, i.e. a reduced NN cross section in the medium, 
might be observed. Color transparency is a consequence of the cancelation be- 
tween various hadronic intermediate states of the produced ejectile. In [13] the 
vanishing of FSI at Q 2 has been produced by considering the finite formation 
time (FFT) the ejectile needs to reach its asymptotic form of a physical baryon. 
This has been implemented by explicitly considering the dependence of the NN 
scattering amplitude upon nucleon virtuality. According to [13J FFT effects can 
be introduced by replacing 6(zi — z{) appearing in the Glauber profile with 

J( Zi - zi) = 9{zi - z x ) (1 - exp[-(zi - z^/liQ 2 ))) (7) 

where l(Q 2 ) = Q 2 / (xm^ M 2 ); here x is the Bjorken scaling variable and the 
quantity l(Q 2 ) plays the role of the proton formation length, i.e. the length of the 
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trajectory that the knocked out proton runs until it return to its asymptotic form; 
the quantity M is related to the nucleon mass mjy and to an average resonance 
state of mass m* by M 2 = m* 2 — m 2 N . Since the formation length grows linearly 
with Q 2 , at higher Q 2 the strength of the Glauber- type FSI is reduced by the 
damping factor (1 — exp[— (zj — z\) / 'l(Q 2 )]); if l(Q 2 ) = 0, then Sfft reduces to 
the usual Glauber operator Sq- The results of calculations of the cross section of 
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Figure 3. LEFT: the reduced cross section (Eq. (6)) of the process 4 He(e, e'p) 3 H at per- 
pendicular kinematics and x ~ 1.8. The solid line shows the results within GEA, whereas the 
dashed curve corresponds to the conventional GA. Preliminary data from [11]. RIGHT: the 
reduced cross section (Eq. (6)) of the process 4 He(e,e'p) 3 H at perpendicular kinematics for 
various values of Q 2 and x ~ 1.4, calculated taking FFT effects into account. Four-body wave 
functions from Ref. [H]. (After Ref. [9]) 

the process 4 He(e, e'p) 5 H in perpendicular kinematics taking into account FFT 
effects are presented in Fig. [3] (for calculations in parallel kinematics see |14|). 
It can be seen that at the JLAB kinematics (Q 2 = 1.78 (GeV/c) 2 , x ~ 1.8) FFT 
effects, as expected, are too small to be detected, they can unambiguously be 
observed in the region 5 < Q 2 < 10 (GeV/c) 2 and x =1.4. Thus measuring the 
Q 2 dependence of the cross section of 4 He(e, e'p) 3 H process at p m ~ 430 MeV/c 
and Q 2 ~ 10 (GeV/c) 2 would be extremely interesting. 
To sum up, the following remarks are in order: 

i) an overall good agreement between the results of theoretical calculations and 
experimental data for both 3 He and 4 He is observed, which is very gratifying 
also in view of the lack of any adjustable parameter in theoretical calculations; 

ii) the effects of the FSI are such that they systematically bring theoretical calcu- 
lations in better agreement with the experimental data; for some quantities, FSI 
effects simply improve the agreement between theory and experiment, whereas 
for some other quantities, they play a dominant role; iii) the 3bbu channel in 
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s He, provides evidence of NN correlations, in that the experimental values of p m 
and E m corresponding to the maximum values of the cross section satisfy, to a 
large extent, the relation predicted by the two-nucleon correlation mechanism, 
with FSI mainly affecting the magnitude of the cross section; iv) the violation 
of the factorization approximation is appreciable at "negative" values ((f) = 0) of 
the missing momentum, whereas the non factorized and factorized predictions 
are in good agreement in the whole range of positive values ((f) = tt) of \p m \; v) 
the left-right asymmetry can reasonably be reproduced at low values of the miss- 
ing momentum, but a substantial discrepancy between theoretical calculations 
and experimental data, common to several calculations, remains to be explained 
at high values of \p m \; vi) Finite Formation Time effects can be investigated at 
moderately high values of Q 2 by means of the process A He(e, e'p) s H. 
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